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Redox regulation of renal DNA synthesis, transforming growth fac-
tor-b1 and collagen gene expression. Growth and injury represent recur-
rent and related themes in the study of progressive renal disease. We have
previously demonstrated that a prooxidant diet, one deficient in antioxi-
dants, selenium and vitamin E, induces renal enlargement, proteinuria,
mild tubulointerstitial disease and diminished glomerular filtration rate
(GFR). Our present study represents continued examination of these
processes. We demonstrate that these diets increase thymidine incorpo-
ration into DNA and net DNA content in renal tissue, and induce
expression of the mRNA for the proto-oncogene, c-myc, and the histone,
H2b. We localize increased DNA synthesis as occurring mainly in the
distal renal tubular epithelium. These deficient kidneys also exhibit
interstitial expansion that parallels the pattern of DNA synthesis in that
both processes are more prominent in the medulla than in the cortex.
mRNAs for collagens I, III and IV in conjunction with transforming
growth factor-b1 (TGF-b1) are up-regulated in the kidney in rats main-
tained on the deficient diet. In complementary in vitro studies, the
exposure of rat kidney fibroblasts, NRK 49F cells, to noncytolytic doses of
hydrogen peroxide, induces collagen III, collagen IV and TGF-b1 mRNA.
Induction of these genes is also observed in mesangial cells so exposed to
noncytolytic doses of hydrogen peroxide. A final aspect of our study was
the examination of renal generation of hydrogen peroxide and the profile
of the hydrogen peroxide-degrading enzymes. Deficient kidneys exhibit
increased mitochondrial generation of hydrogen peroxide independent of
oxygen consumption but in conjunction with suppression of glutathione
peroxidase mRNA and activity. Lipid peroxidation was increased twofold
in the cortex and medulla of the deficient kidneys. Surprisingly, catalase
activity, measured in the cortex and medulla, and whole kidney catalase
mRNA were also reduced in rats maintained on the antioxidant deficient
diet, effects that may further compromise the clearance of hydrogen
peroxide. These changes in catalase represent an adverse response to this
dietary deficiency, and may be relevant to decreased catalase activity
described in chronic renal insufficiency. Thus, a chronic prooxidant state,
with features that mimic those of clinical uremia, increases DNA synthesis
of renal tubular epithelium, induces mRNA expression for collagens I, III
and IV in conjunction with the mRNA for the fibrogenic cytokine,
TGF-b1. Oxidants also induce collagen III, collagen IV and TGF-b1
mRNA in vitro.
Growth and injury represent recurrent and interdigitating
themes in the study of progressive renal disease [1–4]. Indeed, the
structural heterogeneity of the chronically diseased kidney under-
scores, unmistakably, these dual processes of growth and injury as
nephrons, enlarged by hypertrophy and/or hyperplasia, are co-
mingled with atrophic, ectatic and in some cases, cystic nephrons
upon a fibrocellular interstitial latticework. Findings from a
number of disease models attest not only to this alliance between
growth and injury, and the proclivity for renal injury to appear in
settings of enhanced renal growth, but also suggest that these two
processes may issue from a shared provenance [1–4]. For exam-
ple, certain mechanisms that contribute to progressive renal
disease, such as peptide growth factors and angiotensin II, may do
so by promoting cell growth as well as by fostering expansion of
the extracellular matrix, interstitial cellular infiltration and, ulti-
mately, tubular atrophy [5–10].
Linkage of renal injury to an enhanced growth response may
also be subserved by a chronic prooxidant state, a premise based
on earlier observations demonstrating renal enlargement, de-
creased glomerular filtration rate (GFR), proteinuria, and mild
tubulointerstitial disease in rats placed on diets deficient in
antioxidants, selenium and vitamin E [11]. Selenium is a cofactor
for glutathione peroxidase, the enzyme that is the first line of
defense against hydrogen peroxide as it provides a relatively high
affinity, low capacity degradative system [12, 13]. Catalase, the
other hydrogen peroxide-degrading enzyme, represents a low
affinity, high capacity system, and thus the second line of defense
[12, 13]. Selenium deficiency impairs glutathione peroxidase-
dependent clearance of hydrogen peroxide generated in the
course of normal renal oxidative metabolism, while deficiency of
vitamin E promotes its peroxidative effects.
We continued to explore renal growth and injury so induced
because of several considerations. Foremost among these is the
growing appreciation of the diverse cellular effects relevant to
growth and injury induced by oxidants in noncytolytic doses
[14–18]. While cytotoxic in large amounts [18], activated oxygen
species in low doses are mitogenic, activate signal transduction
pathways, and induce genes that can contribute to tissue injury
[14–18]. However, the mitogenic effects of oxidants have been
demonstrated invariably by in vitro studies. Deficient in the
literature are data supporting the premise that stimulation of
DNA synthesis occurs in vivo. We thus considered the possibility
that a prooxidant state induced by dietary deficiency of antioxi-
dants may promote increased DNA synthesis of renal tubular
epithelial cells in vivo. The linkage of growth and injury also led us
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to consider the possibility that a prooxidant state may induce
fibrogenic genes such as transforming growth factor-b1 (TGF-b1)
[6] and extracellular matrix proteins such as collagen, thereby
providing components of chronic injury along with effects on renal
growth.
An additional motivation was provided by the steady accretion
of clinical data attesting to the prooxidant nature of chronic renal
insufficiency [19–21]. Features of oxidative stress are present
systemically in chronic renal insufficiency irrespective of the type
of disease or the age of the patient; such features are also present
Fig. 1. (A) Kidney DNA content in rats maintained on the control and deficient diets for 12 weeks. Control (M, N 5 7), Deficient (o, N 5 5); * P ,
0.05 vs. control. (B) Thymidine incorporation into DNA in the kidneys of rats maintained on the control and deficient diets for 16 weeks. Control (M,
N 5 4), Deficient (o, N 5 4); *, P , 0.05 vs. control.
Fig. 2. Northern analysis and densitometric measurements of c-myc mRNA in the kidney of rats maintained on the control and deficient diets for nine
weeks. Control (M, N 5 6), Deficient (o, N 5 7); *, P , 0.02 vs. control.
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regardless of modality employed for the management of end-stage
renal disease [19–21]. Moreover, some of the biochemical fea-
tures in these patients bear a certain similarity to the prooxidant
model previously employed [11], namely, increased lipid peroxi-
dation, decreased selenium levels, decreased plasma glutathione
peroxidase activity and decreased vitamin E levels [19–21]. In-
deed, a case has been made for supplementing patients with renal
disease with dietary antioxidants such as selenium [22] and
vitamin E [23]. These clinical findings lend a certain credence to
this experimental model as a method of probing the renal effects
of such oxidative stress.
METHODS
Details of diets
Male Sprague-Dawley rats were weaned at three weeks of age
and commenced on a diet deficient in vitamin E and selenium or
the control diet (Teklad diets #TD84253 and #TD84254, respec-
tively; Teklad, Madison, WI, USA). The exact dietary constituents
are detailed previously [11]. The selenium content of the deficient
diet was less than 0.025 parts per million while the control diet
contained 0.25 parts per million of selenium. The fat source, lard,
was stripped of a-tocopherol thereby achieving vitamin E defi-
ciency while the control diet was supplemented with dl-a-tocoph-
eryl acetate (1000 units/g at a rate of 0.05 g/kg). The diets were
isocaloric and had identical electrolyte and mineral contents. The
Fig. 3. Northern analysis and densitometric measurements of H2b mRNA in the kidney of rats maintained on the control and deficient diets for nine
weeks. Control (M, N 5 6), Deficient (o, N 5 7); *, P , 0.01 vs. control.
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Fig. 4. Quantitative assessment of labeled thymidine uptake in renal
tubular epithelium in rats maintained on the control (M, N 5 5) and
deficient (o, N 5 6) diets for 12 weeks. *P ,0.01 vs. control.
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protein content was approximately 15% protein by weight and was
provided by torula yeast, a protein source deficient in selenium.
Rats were maintained on these diets and tap water ad libitum for
up to 16 weeks after weaning, and studies were conducted
between 9 and and 16 weeks after the introduction of the diets. At
nine weeks the kidney size was increased gravimetrically as well as
volumetrically, and there was also marked reduction in selenium
and vitamin E content such that glutathione peroxidase activity
and vitamin E levels were significantly reduced [11]. Between 9
and 16 weeks there was the presence of interstitial disease, and at
15 to 16 weeks mortality appeared in the deficient rat and
increased considerably thereafter. Thus, between 9 and 16 weeks
the defined prooxidant characteristics of the model were estab-
lished, an enhanced growth response was manifest, and interstitial
injury was apparent.
Incorporation of thymidine into DNA
Tritiated thymidine in normal saline at a concentration of 333
mCi/ml was injected at a dose of 0.5 mCi/g body wt in the
intraperitoneal space [24, 25]. One hour after the injection of
tritiated thymidine, kidneys were harvested and homogenized.
The homogenate was washed with 0.2 N HClO4, centrifuged at
3500 g and the pellets allowed to dry. The pellets were then
treated with 0.5 N HClO4 and hydrolyzed for 20 minutes at 90°C.
The tubes were vortexed and centrifuged for 15 minutes at 3500 g.
One milliliter of the extract was counted in a scintillation vial
containing 12 ml of fluor, while 1 ml of the extract was assayed for
DNA as previously described [11]. Thymidine incorporation was
expressed as cpm/mg total DNA.
Autoradiography for tritiated thymidine incorporation into the
kidney
We employed standard autoradiographic methods for the de-
lineation of the sites in the kidney that take up labeled thymidine
[24]. A solution of tritiated thymidine in saline (1 mCi/ml and at
a dose of 1 mCi/kg body wt) was injected in the intraperitoneal
space. One hour after injection, rats were anesthetized with
Inactin and the kidneys were perfused with 1.25% glutaraldehyde
in phosphate buffered saline. The kidneys were sliced, placed in
cassettes and postfixed in 1.25% glutaraldehyde in phosphate
buffered saline for one hour. The kidneys were washed sequen-
tially for one hour in 70%, 80%, 95% and then absolute alcohol.
After the last washing in absolute ethanol the kidneys were
washed for 1.5 hours in Americlear. The kidneys were embedded
in paraffin, sectioned at 5 microns and stained with hematoxylin
and eosin.
Fig. 5. Histologic section at the level of the renal outer medulla in a rat maintained on the deficient diet for 12 weeks and demonstrating multiple
nuclei with labeled thymidine uptake (hematoxylin and eosin, original magnification 3400).
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Morphometric analyses of tritiated thymidine
We employed the method described by Jackson et al [24]. In the
cortical, outer medulla, and inner medulla regions of each kidney,
twenty randomly chosen fields were examined under the 340
microscope objective. Each nucleus demonstrating radioactive
thymidine uptake as revealed by discrete dark silver/black grains
was assigned a score of 1. Positive nuclei within tubular epithelial
cells and within the interstitium were separately counted. Cellular
uptake in glomeruli was also scored for 50 glomeruli for each
kidney. Analyses were performed in a blinded fashion.
Morphometric analyses of interstitial volume
We determined the fractional interstitial volume in the cortical
area and in the inner medulla of the kidneys in rats maintained on
the control and deficient diets using a point counting technique as
described previously [11]. Analyses were performed in a blinded
fashion. Data are expressed as the fractional interstitial volume as
a percent of the cortical and inner medullary areas.
Rates of oxygen consumption by mitochondria
Oxygen consumption was performed using a Clark-type oxygen
electrode as previously described [26]. Mitochondria were isolated
from kidney cortices of kidneys using a preparation buffer con-
sisting of 210 mM mannitol, 70 mM sucrose, 0.5 mM EDTA, pH 7.4
with Tris base. The consumption buffer consisted of 210 mM
sucrose, 10 mM KCl, 10 mM potassium phosphate buffer, 0.5 mM
Fig. 6. Histologic section at the level of the renal outer medulla in a rat maintained on the control diet for 12 weeks (hematoxylin and eosin, original
magnification 3400).
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Fig. 7. Quantitative assessment of labeled thymidine uptake in the renal
interstitium in rats maintained on the control (M, N 5 5) and deficient
(o, N 5 6) diets for 12 weeks. *P , 0.01 vs. control.
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EDTA, pH 7.4 with Tris base and contained as substrate 10 mM
glutamate and 10 mM malate. A suspension of mitochondria was
injected into the chamber and state 2 respiratory rate determined.
Adenosine 59-diphosphate (ADP) (200 mM) was added to initiate
state 3, and following the utilization of ADP, state 4 respiratory
rate was determined.
Production of hydrogen peroxide by isolated mitochondria
We assessed mitochondrial rates of generation of hydrogen
peroxide by the method based on the aminotriazole-dependent
inactivation of catalase by hydrogen peroxide [12, 27]. Mitochon-
dria were isolated from renal cortices and suspended in the
preparation buffer described above. Fifty microliters of mitochon-
drial suspension was added to an incubation medium consisting of
2.2 ml of oxygen consumption buffer containing aminotriazole (50
mM) and catalase (663 units/ml) in the presence or absence of
ethanol; ethanol inhibits aminotriazole-dependent inactivation of
catalase by hydrogen peroxide and thus confers specificity to the
inactivation. The incubation was allowed to proceed at 37°C in a
shaking incubator for 10 minutes, after which 100 ml aliquots were
added to a 0.5 ml volume of 0.45 M ethanol and vortexed to stop
the reaction. The mixture was then allowed to incubate further for
five minutes at room temperature and then put on ice until
assayed. Residual catalase activity in these samples was measured
by determining the rate of the disappearance of hydrogen perox-
ide at 240 nm, and results expressed as reaction rate constant (k)
per mg protein.
Determination of activity and mRNA expression of hydrogen
peroxide-degrading enzymes, glutathione peroxidase and
catalase
As previously described for this laboratory, glutathione perox-
idase and catalase activities were determined on kidney cytosolic
extracts [11, 26]. The rat cDNA for glutathione peroxidase was
kindly provided by Dr. Yoshimura [28], while the rat cDNA for
catalase was provided by Dr. Furata [29].
Lipid peroxidation in kidney cortex and medulla
Lipid peroxidation was determined in kidney cortex and me-
dulla by the thiobarbituric acid reactive substances (TBARS)
assay as previously described [30].
RNA extraction and Northern blot hybridization
Total RNA from rat kidney was isolated using a modification of
the guanidinium-isothiocyanate/cesium chloride method [31], and
Northern blot analysis was performed as previously described
[32]. Aliquots (20 mg) of total RNA were separated by electro-
phoresis. Ethidium bromide was added to each lane to allow
visualization of the RNA with UV light. Complete transfer of the
RNA from the gel to the membrane was documented by examin-
ing the membrane under UV light, after which the membrane was
photographed. Autoradiograms were quantitated by computer-
assisted videodensitometry and results expressed as mean optical
density (OD) units; in studies examining expression of collagens I,
III and IV and TGF-b1 expression, the autoradiograms were
additionally standardized by the method of Correa Rotter, Mari-
ash and Rosenberg [33]. This established method of standardiza-
tion corrects for any variability due to loading and transfer, and
factors the optical density of the message for the given gene with
the optical density of the 18S rRNA, the latter obtained on a
negative of the ethidium bromide stained nylon membrane. We
used this additional method rather than the use of “housekeep-
ing” genes (such as actin and GAPDH) for standardization since
expression of “housekeeping” genes may be altered by the inju-
rious insult [33]. Besides glutathione peroxidase and catalase,
other cDNA probes utilized in this study included mouse c-myc
[34], rat histone H2b [35], rat collagens a1(I) and a1(III) [36],
collagen a1(IV) [37] and TGF-b1 [38].
Rat kidney fibroblast cell culture and exposure to H2O2
Rat kidney fibroblast (NRK 49F) cells were maintained in
culture as previously described [37]. Following removal of serum
containing media and washing in Hank’s balanced salt solution
(HBSS), the NRK 49F cells in monolayer (near confluency) were
exposed to HBSS containing hydrogen peroxide in concentrations
of 0.1, 1.0, and 10 mM for three hours. Cells were washed and then
exposed to serum containing medium (DMEM containing 5% calf
serum) for two hours after which RNA was extracted.
Mesangial cell culture and exposure to H2O2
Glomeruli from Sprague-Dawley rats were isolated and mesan-
gial cell cultures were established as previously described [39].
Prior to exposure to H2O2 the cells were rendered quiescent by
incubation in Waymouth’s medium with 0.5% newborn calf serum
for 72 hours. Mesangial cells were then washed with HBSS and
incubated in HBSS containing 2 mM, 20 mM or 50 mM H2O2 for
three hours. The media was then replaced with Waymouth’s with
0.5% newborn calf serum for two hours, after which RNA was
isolated [37, 39].
Statistical analysis
Data are presented as means 6 SEM. For comparisons of two
groups involving unpaired parametric data the unpaired Student’s
t-test was used, while for nonparametric data the nonparametric
Mann-Whitney test was used. Results are considered significant
for P , 0.05.
RESULTS
Growth-related effects
DNA synthesis, DNA content and proto-oncogene expression.
After nine weeks of exposure to diets deficient in antioxidants,
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Fig. 8. Quantitative assessment of renal interstitial volume, expressed as
fractional interstitial volume, in rats maintained on the control (M, N 5
7 and deficient (o) N 5 6) diets for 16 weeks. *P , 0.01 vs. control.
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rats displayed increased wet kidney weights (0.99 6 0.02 vs. 1.33 6
0.03 g, P , 0.01), diminished body wt (318 6 7 vs. 267 6 5 g, P ,
0.05) and increased kidney wt/body wt (0.31 6 0.01 vs. 0.50 6 0.02,
P , 0.05). Similarly, rats maintained on the deficient diets for 12
weeks exhibited increased wet kidney wt (1.32 6 0.03 vs. 1.78 6
0.12 g, P , 0.01) and kidney wt/body wt (0.32 6 0.01 vs. 0.56 6
0.03, P , 0.01). The DNA content of the deficient kidney was
significantly increased by approximately 35% when measured at
12 weeks (Fig. 1A); the DNA content per unit weight of kidney
was not increased in the deficient kidneys. Such increased kidney
DNA in rats on the deficient diet was accompanied by a twofold
increase in thymidine incorporation into DNA (Fig. 1B). Along
with these effects on DNA content and DNA synthesis, we
examined the expression of selected proto-oncogenes and histone
proteins that are often up-regulated in states of heightened
growth. Dietary deficiency of antioxidants led to increased mRNA
expression of the proto-oncogene c-myc (Fig. 2) and histone H2b
(Fig. 3). The mRNA for c-myc approximately doubled while
histone H2b mRNA quadrupled, thus providing evidence for
up-regulation of genes that can be associated with increased DNA
synthesis in kidneys rendered deficient in antioxidants.
Localization of increased DNA synthesis in the deficient kidney
We delineated anatomic sites within the kidney that exhibit
increased uptake of thymidine into DNA in rats maintained on
the deficient diets for 12 weeks. As compared to the control
kidney, the deficient kidney exhibited increased scores for total
uptake (tubular epithelial uptake 1 interstitial uptake, 61 6 8 vs.
381 6 76, P , 0.01), increased tubular epithelial uptake (41 6 6
vs. 304 6 63, P , 0.01), and increased interstitial uptake (20 6 3
vs. 76 6 13, P , 0.01). The percentage of total kidney uptake
accounted for by tubular epithelial uptake (tubular epithelial/
tubular epithelial 1 interstitial cells) was 78 6 2% for the
deficient kidney and 68 6 1% for the control kidney. Thus,
increased thymidine uptake by the deficient kidney was localized
mainly to the renal tubular epithelium, and to a much lesser extent
to the interstitium. Additionally, it was predominantly in the
medulla that such increased uptake in the deficient kidney
occurred, as demonstrated by analyses in which thymidine uptake
was individually scored for the cortex, outer medulla and inner
medulla. As shown in Figure 4, the deficient kidneys displayed
significantly increased thymidine uptake in the cortex, the outer
medulla and in the inner medulla, and on descending from the
cortex to the inner medulla, these differences are more marked
(Fig. 4). Thymidine uptake by renal tubular epithelium is shown in
photomicrographs at the level of the outer medulla for the
deficient kidney (Fig. 5) and the control kidney (Fig. 6). Scores for
thymidine uptake by the interstitium are shown in Figure 7.
Significantly increased uptake in the interstitium was observed in
the deficient kidneys in the outer medulla and inner medulla, and
again the differences are accentuated on moving from the cortex
to inner medulla. Thus, the increase in thymidine uptake in the
Fig. 9. (A) Histologic section at the level of the renal medulla in a rat maintained on the control diet for 16 weeks (hematoxylin and eosin, original
magnification 3100). (B) Histologic section at the level of the renal medulla in a rat maintained on the deficient diet for 16 weeks (hematoxylin and
eosin, original magnification 3100).
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deficient kidney arises largely from increased uptake by tubular
epithelial cells rather than interstitial cells, and increments are
more prominent in the medulla. The numbers of cells in the
glomerular compartment that demonstrate thymidine uptake
were comparable in both dietary groups, (4.0 6 0.9 vs. 3.5 6 0.4/50
glomeruli, P 5 NS).
Injury related effects
Histologic features of the deficient kidney. Histologic examination
of the kidneys studied at 12 weeks revealed the presence of
infrequent and limited foci of interstitial disease. However, in
animals studied at 16 weeks such interstitial disease was more
apparent in the inner medulla. Tubules in this area appeared
simplified with dark staining nuclei and decreased cell thickness.
The interstitium in the inner medulla was expanded. To quanti-
tate such interstitial disease we performed measurements of the
fractional interstitial volume. As demonstrated in Figure 8, the
kidneys from the rats maintained on the deficient diet revealed
increased fractional interstitial volume in the cortex and in the
inner medulla, and such differences in interstitial disease were
more prominent in the inner medulla. Representative sections at
the level of the medulla stained with hematoxylin and eosin,
shown in Figure 9, demonstrate the increased interstitial volume
in the kidneys from the rats on the deficient diets. We also
examined sections from the kidney stained by Masson Trichrome
to determine if the interstitial expansion in the deficient rat
reflected increased collagen deposition. Representative sections
at the level of the medulla stained with Masson Trichrome stain
are shown in Figure 10. These sections demonstrate that the
interstitial expansion in the deficient kidney, arises, in part from
increased interstitial collagen deposition as revealed by the blue-
green color (collagen) in these areas.
Induction of collagens I, III and IV and transforming growth
factor-b1 genes. We examined the expression of interstitial colla-
gens (I and III) and basement membrane collagen (IV) mRNA in
kidneys harvested from rats maintained on a diet deficient in
vitamin E and selenium for 12 weeks. The expression of all three
collagens were significantly increased as shown in Figure 11. The
corrected optical density units in rats maintained on the deficient
diets were increased 11.2-fold for collagen I (16.7 6 9.2 vs.
187.1 6 48.7, N 5 7 in each group, P , 0.01), 19.1-fold for
collagen III (3.4 6 1.2 vs. 65.4 6 22.2, N 5 7 in each group, P ,
0.01), and 4.3-fold for collagen IV (14.4 6 2.5 vs. 62.1 6 6.6, N 5
7 in each group, P , 0.01).
We also studied the expression of a fibrogenic cytokine, TGF-
b1, that is recognized as an inducer of collagen expression (Fig.
11). Transforming growth factor-b1 was increased some 3.7-fold
in animals maintained on the deficient kidneys (9.5 6 0.2 vs.
35.4 6 9.5, N 5 7 in each group, P , 0.01; Fig. 11). We correlated
the corrected optical density units for TGF-b1 and the three
different collagens in Northern analyses of RNA from the kidneys
of rats maintained on the deficient diets. The correlation between
Fig. 10. A. Histologic section at the level of the renal medulla in a rat maintained on the control diet for 16 weeks (Masson Trichrome, original
magnification 3 200). (B) Histologic section at the level of the renal medulla in a rat maintained on the deficient diet for 16 weeks (Masson Trichrome,
original magnification 3200).
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TGFb1 and these three collagens revealed significant r values for
collagen I (r 5 0.88, P , 0.01) and for collagen III (r 5 0.80, P ,
0.05), but not for collagen IV (r 5 0.48, P 5 NS).
Effect of hydrogen peroxide in vitro on collagens I, III, and IV and
transforming growth factor-b1 mRNA expression in NRK 49F cells.
That a prooxidant diet stimulated expression of collagens I, III, IV
and TGF-b1 in the kidney led us to question whether oxidants in
vitro would directly induce a similar effect in indigenous renal
cells. We studied cells representative of the tubulointerstitium,
namely, rat kidney fibroblasts, NRK 49F cells. The exposure of
NRK 49F cells to noncytolytic doses of hydrogen peroxide led to
a prominent 3.1-fold induction of of collagen III mRNA and a
1.6-fold induction of TGF-b1 at a concentration of 10 mM
hydrogen peroxide, as shown in Figure 12. Collagen IV mRNA
was maximally induced, 1.8-fold, at 1 mM hydrogen peroxide (Fig.
12). Collagen I mRNA was maximally increased 1.5-fold at a
concentration of 10 mM hydrogen peroxide (data not shown). The
concentrations of hydrogen peroxide and conditions employed in
these studies did not injure NRK 49F cells as reflected by lactate
dehydrogenase (LDH) release. Thus, hydrogen peroxide, in doses
that are noncytolytic, can directly up-regulate expression of
collagens III and IV mRNA in conjunction with TGF-b1 mRNA.
Effect of hydrogen peroxide in vitro on collagens I, III, and IV and
transforming growth factor-b1 mRNA expression in rat mesangial
cells. We also studied rat mesangial cells, since their elaboration of
interstitial and basement membrane collagens is well recognized,
while there is considerable interest in oxidative stress in the
pathogenesis of glomerular injury. The exposure of rat mesangial
cells to noncytolytic doses of hydrogen peroxide induced collagen
III mRNA as shown in Figure 13. Such induction of collagen III
mRNA was accompanied by induction of collagen IV and
TGF-b1 mRNA in response to hydrogen peroxide (Fig 13). As
Collagen α1(I)
mRNA
Collagen α1(III)
mRNA
Collagen α1(IV)
mRNA
TGF β1
mRNA
Control Deficient
Fig. 11. Northern analysis for expression of collagens a1(I), a1(III), and a1(IV) mRNA and TGF-b1 mRNA in kidneys from rats maintained on the
control and deficient diets for 12 weeks (N 5 7 in each dietary group).
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regards the effect of oxidants on collagen I expression in mesan-
gial cells, we were unable to observe, at least for the duration and
time periods of exposure, increased expression of collagen I
mRNA in mesangial cells in response to noncytolytic doses of
hydrogen peroxide (data not shown). The concentrations of
hydrogen peroxide and conditions employed in these studies did
not injure the mesangial cells as reflected by LDH release. Specfic
release was negligible for all concentrations of peroxide. Thus,
hydrogen peroxide, in doses that are noncytolytic, can directly
up-regulate expression of collagens III and IV mRNA in conjunc-
tion with TGF-b1 mRNA.
Assessment of hydrogen peroxide generation, lipid peroxidation
and hydrogen peroxide-degrading enzymes in the deficient
kidney
We assessed generation of hydrogen peroxide by mitochondria
using the method based on the irreversible inactivation of catalase
by hydrogen peroxide in the presence of aminotriazole. In this
method, the greater the reduction in catalase activity the greater
the generation of peroxide. Using this assay, we noted that
mitochondria from deficient kidneys exhibited a greater reduction
in catalase activity in the presence of aminotriazole than mito-
chondria from control kidneys when such activity is expressed
either as the percentage reduction in the catalase activity (46.8 6
6.1 vs. 72.2 6 7.8%, P , 0.05, N 5 7 in each group) or as absolute
reduction in activity (0.40 6 0.06 3 1022 vs. 0.63 6 0.06 3 1022,
k/mg protein, P , 0.05, N 5 7 in each group). Thus, there was a
significantly greater inhibition of catalase activity in mitochondria
from deficient kidneys, findings that attested to higher rates of
generation of hydrogen peroxide by these mitochondria. Such
enhanced rates of peroxide generation were not due to differences
in oxygen consumption since mitochondria from control and
deficient kidneys had comparable state 4 respiration (35.4 6 1.5
vs. 29.5 6 2.5 nmol/mg protein/min, N 5 3 in each group), and
state 3 respiration (127.4 6 9.4 vs. 106.3 6 9.4 nmol/mg protein/
min, N 5 3 in each group). Thus, mitochondria from deficient
kidneys demonstrate increased hydrogen peroxide generation that
is not due to differences in oxygen consumption. These findings
indicate that the dietary deficiency employed achieves the pre-
dicted effects, namely, increased renal production of hydrogen
peroxide.
We also measured thiobarbituric acid reactive substances
(TBARS), a marker of oxidative injury, in the deficient kidneys,
and, as the severity of tubulointerstitial changes differed in the
cortex and the medulla, we determined this index in cortex and
medulla. As demonstrated in Figure 14, TBARS were increased
Collagen α1(III) mRNA
Collagen α1(IV) mRNA
TGF β1 mRNA
Control
0.36 0.65 0.61 1.22 1.59
1.50 1.28 1.75 2.50 2.20
1.19 0.85 1.20 1.15 1.61
Control 0.1 µM 1.0 µM 10 µM
H2O2
Fig. 12. Northern analysis for expression of collagens a1(III), a1(IV) mRNA and TGF-b1 mRNA in NRK 49F cells exposed to increasing doses of
hydrogen peroxide. The numbers above each northern analysis refer to the corrected optical density for that lane.
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twofold in both the cortex and the medulla. Thus, at least using
this oxidative index, oxidative stress was equally manifest in cortex
and medulla.
We also assessed the expression of antioxidant enzymes that are
responsible for degrading hydrogen peroxide. Whole kidney glu-
tathione peroxidase activity was markedly diminished in these
kidneys as shown in Figure 15A. The expression of glutathione
peroxide mRNA was also diminished (Fig. 15B; OD units; 23.4 6
1.8 vs. 6.4 6 1.0, P , 0.05), an effect not previously described in
the kidney and one that demonstrated the stimulatory effect of
selenium on enzyme activity as well as mRNA expression. We also
evaluated whole kidney catalase activity and mRNA. Catalase
activity was diminished, as shown in Figure 16A. Such diminution
in activity was also accompanied by diminished mRNA expression
for catalase (Fig. 16B; OD units, 4.8 6 1.2 vs. 2.2 6 2.9, P , 0.05).
As tubulointerstitial changes differ in the cortex and the medulla,
we subsequently determined catalase activity in cortex and me-
dulla. As demonstrated in Figure 17, catalase activity was reduced
in the deficient kidneys to a comparable extent in the cortex (35%
reduction) and the medulla (39% reduction).
DISCUSSION
That chronic oxidative stress, independent of a chemically or
surgically-induced disease model, may provoke renal injury was
indicated by earlier studies in which rats, deprived of dietary
antioxidants, exhibited reductions in GFR, increased urinary
protein excretion, and mild tubulointerstitial changes in enlarged
kidneys with increased DNA content [11]. In the present study,
Collagen α1(III) mRNA
Collagen α1(IV) mRNA
TGF β1 mRNA
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H2O2
Fig. 13. Northern analysis for expression of collagens a1(III), a1(IV) mRNA and TGF-b1 mRNA in rat mesangial cells exposed to increasing doses
of hydrogen peroxide. The numbers above each Northern analysis refer to the corrected optical density for that lane.
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Fig. 14. Lipid peroxidation as determined by thiobarbituric acid reactive
substances (TBARS) assay in kidney cortex and medulla in rats main-
tained on the control (M, N 5 7) and deficient (o, N 5 6) diets for 16
weeks. *P , 0.01 vs. Control.
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kidneys from rats subjected to this dietary manipulation demon-
strate increased DNA content accompanied by increased thymi-
dine uptake into DNA, increased mRNA expression for the
proto-oncogene, c-myc, and for histone protein, H2b, the latter
representing a marker for DNA synthesis. Increased DNA syn-
thesis occurred mainly in the distal tubular epithelium. Thus, a
chronic dietary manipulation that promotes the generation of
hydrogen and lipid peroxides also fosters DNA synthesis accom-
panied by increased DNA content of the kidney. Prior studies
demonstrating the stimulatory effects of oxidants on DNA syn-
thesis have been conducted, invariably, in vitro. For example,
BSC-1 cells, an established renal tubular epithelial cell line,
express proto-oncogenes and proliferate in response to low doses
of hydrogen peroxide [40]. Quite low concentrations of hydrogen
peroxide or ter-butyl hydroperoxide stimulate the growth of
hamster kidney fibroblasts in vitro [16]. Conversely, the prolifer-
ative effects of platelet-derived growth factor and endothelin are
blocked by vitamin E [41]. Interestingly, in the course of exerting
their mitogenic effects in vitro, peptide growth factors and activa-
tors of protein kinase stimulate the production of hydrogen
peroxide by epithelial cells in culture [16]. Our demonstration of
the induction of DNA synthesis in the renal tubular epithelium by
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Fig. 15. (A) Glutathione peroxidase (GPX)
activity in whole kidney extract from rats
maintained on the control (M, N 5 3) and
deficient (o, N 5 4) diets for nine weeks. (B)
Glutathione peroxidase mRNA in whole kidney
extract in rats maintained on the control and
deficient diets for nine weeks.
Control
B
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Catalase
 mRNA
Fig. 16. (A) Catalase activity in whole kidney
extract from rats maintained on the control
(M, N 5 7) and deficient (o, N 5 6) diets for
nine weeks. *P ,0.05 vs. control. (B) Catalase
mRNA in whole kidney extract in rats
maintained on the control and deficient diets
for nine weeks.
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a prooxidant state thus provides an in vivo analogue to such in
vitro studies.
Using two indices we confirmed that the predicted biochemical
effects of these diets were evinced. Mitochondrial studies provide
an established method of assessing oxidative stress in disease
models [13], and were used with this objective in mind rather than
a specific analysis of mitochondrial function in this disease model.
Cortical mitochondria from the deficient kidneys generated in-
creased amounts of hydrogen peroxide, a finding that confirms the
biochemical perturbation predicted from the dietary deficiency.
Additionally, to the extent that changes in the cortex are discern-
ible in this model, studies undertaken in cortical mitochondria are
also relevant. We also measured TBARS, a marker of oxidative
injury, in the deficient kidneys, and, as the severity of tubuloin-
terstitial changes differs in the cortex and the medulla, we
determined this index in both regions. The TBARS were in-
creased twofold in both the cortex and the medulla, thus indicat-
ing, at least using this oxidative index, that oxidative stress is
equally manifest in cortex and medulla. While these indices do
attest to the presence of oxidative stress in this disease model, it
is possible that other potential effects of the antioxidant deficient
diet such as cytochrome P-450 mediated arachidonic metabolism
may be relevant to the observed changes in the kidney.
The effects of this dietary manipulation were targeted to the
medulla, and especially the inner medulla. The stimulatory effect
of this dietary manipulation on DNA synthesis may be “primed”
by high medullary concentration of urea and/or ammonia, med-
ullary constituents recognized for their hyperplastic and hypertro-
phic actions, respectively [42, 43]. Another possibility relates to
renal production of hydrogen peroxide. We have shown that the
urinary concentrations of hydrogen peroxide are in the range of
100 mM [26]. As for many solutes present in the kidney and urine
(for example, urea and ammonia), a cortico-medullary gradient
exists reaching as high as a 100-fold increment for ammonia in the
inner medulla. Were this to occur for hydrogen peroxide, the
medulla would thus be exposed to higher levels than the cortex,
and this may contribute to the heightened effects we observed.
Moreover, the antioxidant reserve in the distal nephron differs
from that in the proximal nephron [44], and this may influence the
nature of the cellular response at these sites when peroxide
content in the kidney is up-regulated by a diet deficient in
antioxidants. Finally, the metabolic cost of transport as measured
by oxygen consumption, is greater in distal nephron segments as
compared to more proximally located sites [45]. Such hydrogen
peroxide production, linked to increased oxygen consumption,
may be preferentially heightened in the distal nephron by antiox-
idant deficiency.
The pattern of increased DNA synthesis in the deficient kidney,
accentuated on moving from the cortex to the medulla, was
paralleled by interstitial disease in the deficient kidneys that was
also more pronounced in the medulla. This accompaniment of
increased DNA synthesis in tubular epithelial cells by increased
interstitial injury and matrix expansion is reminiscent of findings
in assorted models of glomerular disease wherein proliferation of
mesangial cells is accompanied by mesangial matrix expansion [1,
2, 4,]. Our present findings provide another instance of such an
alliance of a growth response with expansion of extracellular
matrix. In this case our findings pertain to the tubulointerstitium,
wherein increased DNA synthesis of indigenous tubular epithelial
cells is attended by expansion of the vicinal interstitial matrix.
The induction of interstitial (types I and III) and basement
membrane collagens (type IV) mRNA by the antioxidant deficient
diet bears upon the area of oxidative stress and the expression of
collagen and TGF-b1. Prior studies in nonrenal tissues have
demonstrated that peroxides in vitro induce collagen synthesis and
procollagen a1(I) mRNA [46]. However, the role of peroxidation
in inducing collagen gene expression has recently been questioned
[47]. While TGF-b1 is induced quite clearly by oxidized low
density lipoprotein (LDL) in glomerular epithelial cells, the role
of oxidative events per se in inducing such changes is unknown
[48]. Moreover, based on studies performed in mesangial cells, it
has been argued that increments in glutathione, the latter repre-
senting a critical intracellular antioxidant, induces collagen genes
and TGF-b in the kidney [49]. Our data, obtained in an in vivo
model, demonstrating enhanced expression of interstitial as well
as basement membrane collagens, underscore and support a role
for a prooxidant state in exerting such an effect. These conclusions
are extended by our in vitro studies wherein collagens III and IV
and TGF-b1 mRNAs are induced in NRK 49F fibroblasts and
mesangial cells exposed to noncytolytic doses of hydrogen perox-
ide. It should also be pointed out that while oxidative stress
imposed in vivo by dietary deficiency of vitamin E and selenium
induces predominantly interstitial changes, derangements in glo-
merular function do occur in this model, while increased mortality
in this model prevents the delineation of glomerular histologic
changes [11]. Moreover, observations in other in vivo models
incriminate oxidative injury in glomerular injury with little in vitro
evidence that mesangial or other glomerular cells exposed to
hydrogen peroxide can indeed up-regulate these extracellular
constituents. Thus, the up-regulation of interstitial and basement
membrane collagens and TGF-b1 in tubulointerstitial and mes-
angial cells–in essence, cells representative of the tubulointersti-
tial and glomerular compartments–support the involvement of
oxidative stress in chronic renal injury.
We examined the expression of TGF-b1 in this disease model in
view of the persuasive evidence that this fibrogenic cytokine is
involved in progressive renal injury [6]. We noted a significant
3.7-fold elevation in TGF-b1 gene expression. Transforming
growth factor-b1 is up-regulated in numerous disease models [6],
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Fig. 17. Catalase activity in kidney cortex and medulla in rats main-
tained on the control (M, N 5 7) and deficient (o, N 5 6) diets for 16
weeks. *P , 0.01 vs. control.
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some of which share a common property of increased oxidative
stress [50]. Our findings that a prooxidant state in the kidney in
vivo up-regulates TGF-b1, in conjunction with our demonstration
that hydrogen peroxide induces TGF-b1 mRNA expression in
NRK 49F and mesangial cells in vitro, in aggregate, indicate that
oxidative stress, per se, is a determinant of the level of expression
of this fibrogenic cytokine. This cytokine, in concert with oxidants,
in turn, may up-regulate collagen gene expression.
As a final aspect of our characterization of this model, we
examined hydrogen peroxide generation and the expression of
hydrogen peroxide-degrading enzymes. Glutathione peroxidase
activity was, as previously described [11], markedly suppressed.
Interestingly, renal expression of glutathione peroxidase mRNA
was also reduced by this dietary deficiency, an effect of this dietary
manipulation not previously described. Renal mitochondria from
the deficient kidneys produced increased amounts of hydrogen
peroxide, an effect not attributable to altered rates of oxygen
consumption. We also assessed the expression of catalase, since
the loss of glutathione peroxidase activity and attendant increase
in generation of hydrogen peroxide places the onus of catalytical-
ly-degrading hydrogen peroxide squarely on catalase. We posited
that catalase would be induced in this model since the induction
of the appropriate antioxidant enzyme in oxidizing stress is well
recognized in the kidney and other organs [51], and, indeed,
catalase is induced in cells exposed to hydrogen peroxide in vitro
[52]. Surprisingly, catalase activity was decreased, an effect attrib-
utable in part to suppression of the catalase gene. These findings
uncover a maladaptive response to this dietary deficiency that may
further accentuate the retention of hydrogen peroxide. They also
indicate that impairment in one hydrogen peroxide-degrading
system in vivo may trigger defects in the other and only, enzyme-
based, hydrogen peroxide-degrading system. These findings are
relevant to the decreased catalase activity that is described in the
uremic milieu [53], and the unexplained reduction in catalase
activity observed in states of heightened growth such as malig-
nancy [54]. Based on our findings, we suggest that in these latter
states, adverse suppression of catalase may result from attendant
oxidative stress.
The significance of DNA synthesis observed in the antioxidant
deficient kidney merits comment. Growth responses in vitro can be
separated into hyperplasia or hypertrophy in that the former is
characterized by increased DNA synthesis and cell number,
whereas hypertrophy is associated with increased cell size and cell
protein in the absence of an increase in cell number [55]. With
regards to a complex organ such as the kidney where there are
multiple compartments (glomerular, tubular epithelial, vascular
and interstitial), different regional responses along the nephron,
and compartments that change in size with the progression of
disease (such as progressive interstitial infiltration), it is often
difficult to categorize a model as clearly hypertrophic or hyper-
plasic in nature. For example, the remnant kidney model has
conventionally been viewed as a hypertrophic model [55]. How-
ever, more recent studies have demonstrated that indeed there is
cell proliferation occurring in the tubular epithelium as well as in
the glomerular compartment [56, 57]. Conversely, a disease model
such as hypokalemic nephropathy in which frank proliferative
changes are observed in the distal nephron, the proximal convo-
luted tubule markedly hypertrophies [55]. Thus, for a complex
organ like the kidney where the cell biologic expression of these
two types of growth response may vary regionally within the
kidney, it is difficult to categorize the process as exclusively or
predominantly hypertrophy or hyperplasia. An additional possi-
bility is that increased DNA synthesis, induced in the kidney by
dietary deficiency of antioxidants, may represent a repair response
to DNA damaged by oxidative stress [54]. Oxidative stress, as
imposed by hydrogen and lipid peroxides, is well recognized as
damaging to DNA [58], which, in turn, may instigate a repair
response [54]. It is intriguing to note the extent to which increased
DNA synthesis observed in this model reflects a reparative
response to oxidatively damaged DNA.
In summary, we demonstrate that such distinctive and defining
features of progressive renal injury as DNA synthesis and expres-
sion of TGF-b1 and collagen genes can be up-regulated in the
otherwise intact rat kidney by dietary deprivation of antioxidants,
and that oxidants directly induce collagens III and IV, and
TGF-b1 mRNA in vitro. We speculate that some of the changes
seen in the chronically diseased kidney may represent the effect of
the prooxidant milieu fostered by chronic renal insufficiency.
Finally, we draw attention to the fact that while interstitial disease
is recognized as a major histologic determinant of progressive
renal injury [59], such histologic analyses in human progressive
renal disease are based ovewhelmingly, if not exclusively, on
cortical interstitial disease. Changes in the medulla as assorted
nephropathies arise and evolve would be of interest as would the
extent to which such changes in the medulla are influenced by
maneuvers that retard the progression of renal disease.
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